In myelinated axons, K ϩ channels are clustered in distinct membrane domains to regulate action potentials (APs). At nodes of Ranvier, Kv7 channels are expressed with Na ϩ channels, whereas Kv1 channels flank nodes at juxtaparanodes. Regulation of axonal APs by K ϩ channels would be particularly important in fast-spiking projection neurons such as cerebellar Purkinje cells. Here, we show that BK/Slo1 channels are clustered at the paranodal junctions of myelinated Purkinje cell axons of rat and mouse. The paranodal junction is formed by a set of cell-adhesion molecules, including Caspr, between the node and juxtaparanodes in which it separates nodal from internodal membrane domains. Remarkably, only Purkinje cell axons have detectable paranodal BK channels, whose clustering requires the formation of the paranodal junction via Caspr. Thus, BK channels occupy this unique domain in Purkinje cell axons along with the other K ϩ channel complexes at nodes and juxtaparanodes. To investigate the physiological role of novel paranodal BK channels, we examined the effect of BK channel blockers on antidromic AP conduction. We found that local application of blockers to the axon resulted in a significant increase in antidromic AP failure at frequencies above 100 Hz. We also found that Ni 2ϩ elicited a similar effect on APs, indicating the involvement of Ni 2ϩ -sensitive Ca 2ϩ channels. Furthermore, axonal application of BK channel blockers decreased the inhibitory synaptic response in the deep cerebellar nuclei. Thus, paranodal BK channels uniquely support high-fidelity firing of APs in myelinated Purkinje cell axons, thereby underpinning the output of the cerebellar cortex.
Introduction
Voltage-activated ion channels are uniquely situated in myelinated axons of mammalian neurons (Lai and Jan, 2006) . Voltageactivated Na ϩ (Nav) channels are localized precisely at the node of Ranvier to generate action potentials (APs). Voltage-activated K ϩ (Kv) channels are also expressed at and near the node and may regulate axonal APs (Rasband and Shrager, 2000; Devaux et al., 2003; Pan et al., 2006) . Among them, Kv7.2/7.3 channels are localized at the node (Pan et al., 2006) and thought to regulate the overall excitability of the nodal membrane (Schwarz et al., 2006) . In contrast, Kv1.1/1.2 channels are localized in regions flanking the node called the juxtaparanode (Wang et al., 1993; Rhodes et al., 1997; Rasband et al., 1998) . Because this area is covered completely with the myelin sheath, juxtaparanodal Kv1 channels are considered mostly inert under normal conditions (Kocsis and Waxman, 1980) but can be functional during development and when the myelin sheath is retracted in pathological situations, such as multiple sclerosis (Poliak and Peles, 2003; . Here, we show that Slo1/BK channels are also found in myelinated axons.
The Slo1/KCa1.1/BK K ϩ channel is unique in its coincident activation by changes in membrane potential and intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ; Salkoff et al., 2006) . The BK channel also has an exceptionally large single-channel conductance compared with other K ϩ channels (Salkoff et al., 2006) . Therefore, its expression in a specific neuronal compartment, in which BK channels can be exposed to local increases in [Ca 2ϩ ] i , would be expected to significantly affect the local membrane excitability. BK channels are found predominantly in presynaptic termi-nals in brain neurons and less prominently in somata and dendrites (Vacher et al., 2008; Trimmer, 2015) . We and others have shown that, in cerebellar Purkinje cells, BK channels are highly expressed in the dendrites and soma Sausbier et al., 2006) . Studies using BK blockers and Slo1 knockout mice have suggested that, in Purkinje cells, somatodendritic BK channels contribute to the afterhyperpolarization (AHP) in the soma (Sausbier et al., 2004) and regulation of Ca 2ϩ spikes in dendrites in Purkinje cells (Faber and Sah, 2003; Swensen and Bean, 2003; Womack and Khodakhah, 2004) .
Here, we show that BK channels are also present in the myelinated axons of cerebellar Purkinje cells. Specifically, we show that BK channels colocalize at paranodes with Caspr, an axonal cell-adhesion molecule required for the paranodal axoglial junction (Einheber et al., 1997; Menegoz et al., 1997; Bhat et al., 2001) . The paranode differs from the juxtaparanode in that small molecules and ions may be more accessible to the paranode (Mierzwa et al., 2010) , such that paranodal ion channels would be fully functional under normal physiological conditions. Based on these findings, we tested whether paranodal BK channels regulate APs in Purkinje cell axons. Our results suggest that paranodal BK channels have a significant role in the myelinated axons of Purkinje cells to support reliable high-frequency conduction of APs.
Materials and Methods
Antibodies against BK channels. The production and validation of monoclonal antibodies (mAbs) against Slo1/KCa1.1/BK have been described previously . Briefly, L6/48 and L6/60 mAbs against the mouse Slo1 (mSlo) channel subunit were raised against a GST-mSlo1 fusion protein corresponding to amino acids 690 -1196 of mSlo1 (Gen-Bank accession number AAA39746). Within this fragment, L6/48 binds within amino acids 859 -1169, and L6/60 binds within amino acids 690 -715 ( Fig. 1 ). Conditioned media from hybridoma clones were screened by chemiluminescence ELISA against COS-1 cells expressing full-length human Slo1 (Meera et al., 1997) and then further selected based on immunofluorescence labeling of COS-1 cells transfected with the same human Slo1 cDNA. Both mAbs were validated against BK channel knock-out mice . The L6 mAbs can be obtained from the University of California, Davis/National Institutes of Health NeuroMab Facility (Davis, CA).
Immunolabeling. All animal use procedures were in strict accordance with the Guide for the Care and Use of Laboratory Animals described by the National Institutes of Health and approved by institutional animal Figure 1 . Paranodal localization of BK channels in the rat cerebellum. A, Non-uniform compact localization of BK channels in axons in the granule layer of the cerebellum. Rat cerebellar sections were immunolabeled with the L6/60 mouse mAb against BK (Slo1.1, red) and an antibody against an axonal marker, unphosphorylated neurofilament (Axon, green). Insets show magnified views of the immunolabeling. Scale bar, 50 m. B, Two mAbs against BK recognize two distinct epitopes. Immunoblot of recombinant full-length BK channels and fragments representing residues 859 -1169 and residues 664 -865, probed with L6/60 and L6/48 mAbs. C, The compact localization of BK channels in axons verified by immunolabeling with two distinct mAbs (L6/60, red; L6/48, green). Scale bar, 5 m. D, Double immunolabeling with L6/60 (red) and an anti-Caspr antibody (green) showing their colocalization in the paranode. Scale bar, 5 m. E, Immunolabeling for Nav1.6 (green) is present in the gap between the paired paranodal BK channel immunolabeling (red). Scale bar, 5 m. use committees. Sprague Dawley rats, wild-type C57BL/6 mice, and Caspr-deficient mice (Gollan et al., 2003) were used. Animals were anesthetized with 60 mg/kg pentobarbital (intraperitoneal) and perfused briefly with a saline solution, followed by 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. Sagittal brain sections (40 m thick) were prepared as described previously (Rhodes et al., 1997; Hermanstyne et al., 2010) . Brain sections were permeabilized with 0.1% Triton X-100 in Tris-buffered saline (10 mM Tris, pH 7.5, and 0.15 M NaCl). Sections were blocked with 10% goat serum and then incubated overnight at 4°C with L6/60 mAb (IgG2a) or L6/48 mAb (IgG1) (each at 10 g/ml) and mouse mAbs raised against Kv1.2 (K14/16, IgG2b, 1 g/ml), Caspr (K65/35, IgG1, 1 g/ml), and Nav1.6 (K87A/10, IgG1, 5 g/ml; all from the University of California, Davis/National Institutes of Health NeuroMab Facility), a mouse mAb cocktail neurofilament H (BioLegend), rabbit polyclonal antibodies against ␤IV spectrin , or rabbit polyclonal antibodies against parvalbumin (Merck Millipore). Sections were then incubated with species-specific or mouse IgG subclass-specific Alexa Fluor-conjugated secondary antibodies (Invitrogen). Fluorescent images were taken with a 24-bit CCD camera installed on a Carl Zeiss Axiovert 200M microscope with a 63ϫ, 1.3 numerical aperture (NA) lens and Apotome, using Axiovision software. Most of the images are maximum projection images from multiple optical sections.
Preparation of brain membrane fraction. Crude brain membrane fractions and detergent-resistant fractions were prepared from rats and mice as described previously (Schafer et al., 2004; Ogawa et al., 2006) . Either whole brains or isolated cerebella were homogenized in ice-cold homogenization buffer containing 0.32 M sucrose, 5 mM sodium phosphate, pH 7.4, and 1 mM sodium fluoride, containing 1 mM phenylmethylsulfonyl fluoride (PMSF), 2 g/ml aprotinin, 1 g/ml leupeptin, 2 g/ml antipain, and 10 g/ml benzamidine (10 ml/g wet tissue weight). Crude homogenates were then centrifuged at 600 ϫ g for 10 min to remove debris and nuclei. The resulting supernatant was centrifuged at 45,000 ϫ g for 60 min. This pellet was then resuspended in 2.5 ml of ice-cold homogenization buffer per gram of brain used. Protein concentrations were determined using the BCA method (Pierce).
Detergent-insoluble membrane fractions were isolated by solubilizing brain membrane fractions in 1% Triton X-100 lysis buffer (20 mM Tris-HCl, pH 8.0, 10 mM EDTA, 0.15 M NaCl, 10 mM iodoacetamide, 0.5 mM PMSF, 10 mM sodium azide, and the same mixture of protease inhibitors as described above) at a concentration of 1 mg/ml protein for 1 h on a rotator at 4°C. The resulting lysate was centrifuged at 13,000 ϫ g for 30 min to separate the detergent-soluble and -insoluble fractions. Detergent-insoluble fractions were resuspended to 1 ml in lysis buffer (without Triton X-100). The pellet suspension was then mixed with 1 ml of 2 M sucrose. The resulting mixture was then overlaid with 2 ml of 1 M sucrose and 1.5 ml of 0.2 M sucrose. Samples were then centrifuged for 19 h at 192,000 ϫ g, and 0.4 ml fractions were then collected from the top of the tube. Sucrose and protein concentrations were measured for each fraction. Proteins were concentrated by overnight ethanol precipitation. The pellets were then resuspended in 100 l of reducing sample buffer, boiled, and analyzed by SDS-PAGE and immunoblotting.
Immunoblotting. Proteins were separated on 7.5% SDS polyacrylamide gels (SDS-PAGE), transferred to nitrocellulose membrane, and immunoblotted with L6/48 or L6/60, as described previously . The blots were incubated with HRP-conjugated secondary antibodies (ICN Biomedicals), followed by enhanced chemiluminescence reagent (PerkinElmer Life and Analytical Sciences). Immunoreactive bands were visualized by exposing the blot to x-ray film.
Slice preparation. Cerebellar slices were prepared from C57BL/6 mice at postnatal day 25 (P25) to P35 of either sex as described previously (Hirono et al., 2012) . The mice were treated with CO 2 and decapitated, and their cerebella were removed rapidly. Parasagittal slices (250 m thick) of the cerebellar vermis were cut with a vibrating microtome (VT1200S; Leica) in an ice-cold extracellular solution containing 252 mM sucrose, 3.35 mM KCl, 21 mM NaHCO 3 , 0.6 mM NaH 2 PO 4 , 9.9 mM glucose, 0.5 mM CaCl 2 , and 10 mM MgCl 2 and gassed with a mixture of 95% O 2 and 5% CO 2 , pH 7.4. The slices were maintained at room temperature for at least 1 h in a holding chamber, in which they were submerged in artificial CSF (ACSF) containing the following (in mM): 138.6 NaCl, 3.35 KCl, 21 NaHCO 3 , 0.6 NaH 2 PO 4 , 9.9 glucose, 2 CaCl 2 , and 1 MgCl 2 (bubbled with 95% O 2 and 5% CO 2 to maintain the pH at 7.4).
Electrophysiology. Individual slices were transferred to a recording chamber attached to the stage of a microscope (BX51WI; Olympus) and superfused with oxygenated ACSF. Purkinje cells were identified visually under Nomarski optics with a water-immersion objective (60ϫ, 0.90 NA). After establishing the whole-cell patch clamp, the membrane potential was held at approximately Ϫ65 mV under a current-clamp mode with a patch pipette (2-3 M⍀) filled with the potassium methanesulfonate-based internal solution containing the following (in mM): 120 KCH 3 SO 3 , 25 KCl, 0.1 CaCl 2 1.0 K-EGTA, 10.0 Na-HEPES, 3.0 Mg-ATP, and 0.4 Na-GTP, pH 7.4. To visualize the axon, Alexa Fluor 594 (40 M) was added to the internal solution. Neurons with no or very short axons were not used. To block synaptic transmissions, 10 M NBQX, 30 M APV, 10 M SR95531 [2-(3-carboxypropyl)-3-amino-6-(4-methoxyphenyl)pyridazinium bromide], and 2 M strychnine were added to the ACSF throughout the recordings. To evoke antidromic APs in Purkinje cells, a bipolar tungsten stimulating electrode was placed in the white matter, and focal stimulation (30 -60 V, 0.1-0.2 ms) was applied to the axon at 0.067-0.1 Hz. For recording of synaptic currents, deep cerebellar nucleus (DCN) neurons were voltage clamped at Ϫ20 to 0 mV. Recordings were made from large neurons with somatic diameter of ϳ20 m, most of which are thought to correspond to the glutamatergic projection neurons in the DCN Uusisaari et al., 2007) . A patch pipette was filled with the cesium methanesulfonate-based internal solution containing the following (in mM): 140 CsCH 3 SO 3 , 5 CsCl, 0.1 CaCl 2 , 1.0 K-EGTA, 10.0 Na-HEPES, 0.6 QX-314, 3.0 Mg-ATP, and 0.4 Na-GTP, pH 7.4. IPSCs were evoked by focal stimulation (30 -60 V, 0.04 -0.12 ms) through a bipolar tungsten stimulating electrode or a concentric bipolar electrode (FHC) placed in the white matter. Glutamate transmission was blocked by kynurenic acid (1 mM) or 10 M NBQX and 30 M APV added to the ACSF. Alexa Fluor 594 (40 M) was also added to the patch pipette solution to examine morphology of recorded cells. Series resistance (10 -18 M⍀) was compensated by 60 -70% and monitored with 2 mV hyperpolarizing voltage pulse (30 -50 ms) every 15 s, and experiments were discarded if the value changed Ͼ20%. Signals were recorded with a MultiClamp 700B amplifier (Molecular Devices) and pClamp 10.3 software (Molecular Devices), digitized, and stored on a computer disk for offline analysis. All signals were filtered at 4 kHz and sampled at 10 -20 kHz. All experiments were performed at room temperature (23-26°C).
Drug application for electrophysiology. Drugs were applied to the axon in pressure pulses (3-6 psi, 400 ms duration) at 0.5 Hz using a micropressure ejection system (PV820 Pneumatic PicoPump; World Precision Instruments) with a glass pipette (5-10 m tip diameters). Iberiotoxin, NBQX, paxilline, penitrem A, and SR95531 were obtained from Tocris Bioscience. Alexa Fluor 594 was obtained from Invitrogen. Tetrodotoxin (TTX) was obtained from Wako. All other chemicals were from Sigma.
Statistical analyses. Data are presented as the mean Ϯ SEM, unless noted otherwise. In electrophysiology experiments, the number of sample (n) indicates the number of cells used for recording. However, slices from at least three different animals were used in each experiment. A t value of p Ͻ 0.05 was considered to be statistically significant. For multiple comparisons, two-way ANOVA was performed with post hoc multiple comparisons. All statistical analyses were performed using GraphPad Prism (GraphPad Software).
Results

Axonal expression of Slo1/BK channels in the cerebellum
The BK channel is highly expressed in Purkinje cells of the cerebellum, in which the majority of BK immunoreactivity is found in the soma and dendrites . Here, using the specific mouse mAb L6/60 , we found that Purkinje cells also express BK channels in their axons. Nonuniform BK labeling is present in a subset of axons running in the granule cell layer of the rat cerebellum (Fig. 1A) . The inset images ( Fig. 1A , insets) show that BK channels are concentrated into two small bands, with a clear gap between adjacent bands. The axonal expression of BK channels was confirmed with another anti-BK channel mAb (L6/48) that binds to a region of the BK channel distinct from the L6/60 mAb ( Fig. 1 B, C) . The clear gap between the opposed segments of BK channel immunoreactivity suggested they are expressed in the paranodal region of myelinated axons. Indeed, these BK-positive structures colabeled with antibodies recognizing the axonal paranodal cell-adhesion molecule Caspr (Fig. 1D ). Furthermore, Nav1.6, the predominant nodal Nav channel in adult rodents, was found in the nodal gap between BKlabeled paranodes (Fig. 1E ).
In addition to these axons in the granule cell layer, we also detected the paranodal BK channel expression in the white matter of the cerebellum ( Fig. 2A ). However, BK channels were detected in fewer than 10% of Caspr-positive paranodes ( Fig. 2A ), a number consistent with the proportion of Purkinje cell axons in cerebellar white matter, in which mossy fiber and climbing fiber axons predominate (Palkovits et al., 1972) . Moreover, prominent paranodal BK labeling was observed near the site of origin of Purkinje cell axons in the Purkinje layer ( Fig. 2B) . These considerations led us to suspect that BK channels are expressed specifically in the paranodes of Purkinje cell axons. To test this possibility, we triple immunolabeled cerebellar sections with anti-BK channel mAb L6/60, an antibody against the Purkinje cell marker parvalbumin, and an anti-Kv1.2 channel antibody that labels the juxtaparanodal domains of myelinated axons. As shown in Figure 2C , BK channels were restricted to the paranodes of parvalbumin-positive axons, indicating the specific expression of BK channels in Purkinje cell axons. Furthermore, paranodal BK channels were not detected in myelinated axons in other areas of the nervous system, including white matter tracts within the brain, optic nerve, and sciatic nerve. These results suggest that BK channels are found specifically in the paranodes of Purkinje cell axons.
Caspr-dependent localization of BK channels in the paranode
Paranodal proteins have biochemical properties similar to raft proteins (Schafer et al., 2004) . To determine whether BK channels in the cerebellum also have this property, we prepared detergent-soluble and -insoluble fractions (Ogawa et al., 2006) from the whole brain and the cerebellum of rat. As expected, Caspr was recovered mainly in the detergent-insoluble fraction from both whole-brain and cerebellar samples (Fig. 3A) . This was also observed for the glial paranodal protein Neurofascin-155 (Schafer et al., 2004) but not for axonal Neurofascin-186, which localizes at the node (Davis et al., 1996; Fig. 3A) . Furthermore, BK channel and Caspr proteins from the cerebellum were found in the low-density detergent-insoluble fractions isolated from sucrose gradients (Fig. 3B ). Thus, a subset of BK channels in the cerebellum share similar biochemical characteristics with those of other paranodal membrane proteins (Schafer et al., 2004; Ogawa et al., 2006) . Similar to other paranodal proteins (e.g., glycosylphosphatidylinositol-anchored contactin), a fraction of the BK channels remained detergent insoluble in Caspr-deficient mice (Gollan et al., 2003; Fig. 3C) , indicating that some BK channels remain in raft-like structures independent of paranodal junctions. Consistent with this idea, BK channels are modified with palmitate (Jeffries et al., 2010) , which is a posttranslational lipid modification that promotes the partitioning of proteins into detergent-insoluble lipid rafts (Levental et al., 2010) .
To more directly examine the role of paranodal junctions in regulating BK channel localization, we also performed immunolabeling to examine BK channel localization in the cerebellum of Caspr-deficient mice. First, we confirmed the paranodal localization of BK channels in the cerebellum of wild-type mice ( Fig.  3 D, E) , indicating that the paranodal expression of BK channels is a common property of rodent Purkinje cells. In contrast, Caspr- deficient mice completely lacked BK channels at the paranodes (Fig. 3E ). Furthermore, despite the strong enrichment of BK channels at the adult paranodal junction, BK channel enrichment at paranodes lagged behind paranodal junction assembly during development in mice. For example, although Caspr immunoreactivity already defines paranodes at P19, paranodal BK labeling was not apparent until P23 and fully matured between P25 and P30 (Fig. 4A ). Together, these results suggest that the paranodal clustering of BK channels is developmentally regulated by a Caspr-and paranodal junction-dependent mechanism.
Axonal physiology of Purkinje cells in young adult mouse slices
To determine whether paranodal BK channels regulate APs in myelinated axons, we measured APs evoked in the axon before and after local blockade of paranodal BK channels. 4A ). Therefore, we took an alternative approach. We evoked APs in the axon and recorded the resultant antidromic APs in the soma. By applying BK channel blockers to the axon and examining their effects on antidromic APs, we tested whether paranodal BK channels have significant roles in AP generation and conduction in the myelinated axons of Purkinje cells.
Purkinje cell somata were subjected to whole-cell patchclamp recording and infused with a fluorescent dye through the patch pipette to label the axons. After finding a cell with a long intact axon, a bipolar electrode was placed near the axon for extracellular stimulation. The position of the electrode was adjusted for maximum and stable responses. APs were evoked in distal axons with the extracellular electrode and recorded under the whole-cell patch-clamp mode at the soma of Purkinje cells Figure 3 . Paranodal localization of BK channels depends on an intact paranodal junction. A, Biochemical characteristics of BK channels in the cerebellum. Membrane fractions were prepared from rat whole brain (Whole) or cerebellum. Membrane preparations were incubated with 1% Triton X-100 for 30 min and separated into soluble (Sol) and insoluble (Insol) fractions by centrifugation. The samples were subjected to immunoblotting and probed for BK channels, the paranodal membrane protein Caspr, and another paranodal protein, Neurofascin. Note that only the paranodal 155 kDa isoform of Neurofascin was detected in the insoluble fraction. B, Cofractionation of BK channels and Caspr. Detergent-insoluble fractions from the cerebellum were fractionated using sucrose-density gradient centrifugation. Both BK channels and Caspr were detected in the low-density paranodal protein-lipid complex fraction. C, Detergent insolubility of BK channels in the cerebella of wild-type (Casprϩ/ϩ) and Caspr-deficient (CasprϪ/Ϫ) mice. Actin was used as a loading control. D, Paranodal BK channels in the mouse cerebellum. Mouse cerebellar sections were immunolabeled for BK channels (red) and Caspr (green). Scale bar, 10 m. E, BK channels are not detected at paranodes in Caspr-deficient mice with disrupted paranodes. Cerebellar sections from wild-type (Casprϩ/ϩ) and Caspr-deficient (CasprϪ/Ϫ) mice were immunolabeled for BK channels (green) and ␤IV-spectrin (red). Scale bar, 2 m. (Fig. 4B) , while keeping the somatic resting membrane potential at approximately Ϫ65 mV. To verify that the recorded APs originated in the distal axon, we placed the stimulation electrode at different distances from the soma to confirm a distancedependent delay in the onset of APs. When the stimulation was given at 685 m from the soma, there was a significant delay between the stimulation and the onset of the AP recorded at the soma (Fig. 4C ). This delay was shortened, as the stimulation electrode was moved closer to the soma. The average conduction velocity computed from the latency was 0.52 Ϯ 0.05 m/s (n ϭ 21), a value consistent with that reported previously (Clark et al., 2005) .
Given that we could evoke and record antidromic APs from Purkinje cells, we next investigated the properties of antidromic APs in Purkinje cell axons, particularly their fidelity during highfrequency firing. Cerebellar Purkinje cells typically fire at frequencies above 50 Hz, such that we stimulated Purkinje cell axons at 50, 100, 200, and 300 Hz. Surprisingly, we observed substantial failures of APs at stimulation frequencies above 100 Hz (Fig. 4 D, E) . This was not attributable to reduced excitability of the soma in our preparation, because APs were evoked without failures even at 200 Hz when the extracellular stimulation was applied to the soma (Fig. 4 E, F ) ; we do not know whether this difference reflects a failure of stimulation or the nature of distal axons (see Discussion). Nevertheless, our data show that the maximum net frequency of antidromic AP firing was ϳ120 Hz.
Paranodal BK channels modulate high-frequency firing in Purkinje cell axons
To investigate directly the physiological role of paranodal BK channels, we examined the effects of BK channel blockers on antidromic APs. Because BK channels are also expressed in the soma and dendrites of Purkinje cells, we pursued locally inhibiting only axonal BK channels through focal application of BK channel blockers. To demonstrate the precision and specificity of the local drug application, we first locally applied the Na ϩ channel inhibitor TTX (0.5 M) in brief pulses to the axon using a glass pipette and then evoked APs in the soma and the axon. As shown in Figure 5A , both somatic and axonal stimulation evoked APs, but only the antidromic APs were inhibited after local axonal application of TTX. In contrast, somatic application of TTX blocked both APs (Fig. 5A) .
We next focally applied BK channel blockers to the axon and examined their effects on antidromic APs. We found that the membrane-permeable BK channel blocker penitrem A (10 M; Knaus et al., 1994) significantly increased the failure rate of antidromic APs (from 0.11 Ϯ 0.07 to 0.39 Ϯ 0.06 at 100 Hz, p ϭ 0.001, n ϭ 4; Fig. 5 B, C) . This effect was reversible, such that the failure rate decreased to the control level after washing out the drug for 10 min. We also tested other BK channel blockers, including iberiotoxin (Galvez et al., 1990) and paxilline (Knaus et al., 1994) . Interestingly, the membrane-impermeable iberiotoxin (250 nM) did not show significant effects on failure rates (from 0.02 Ϯ 0.02 to 0.00 Ϯ 0.00 at 100 Hz, p ϭ 0.956, n ϭ 4) of antidromic APs (Fig. 6A) . Consistent with the limited permeability of the paranodal junction (Mierzwa et al., 2010), we speculate that this may be attributable to the fact that paranodal BK chan-nels are covered with glial membranes and not readily accessible to the relatively large (4.2 kDa) iberiotoxin. In contrast, membrane-permeable paxilline (10 M) elicited an effect similar to penitrem A, such that it increased the failure rate of antidromic APs (from 0.09 Ϯ 0.05 to 0.25 Ϯ 0.13 at 100 Hz, p ϭ 0.015, n ϭ 6; Fig. 6B ), particularly at 100 and 200 Hz stimulation (Fig. 6C ). The increased failure was observed reliably in all cells examined (Fig.  6D) . As a result, the maximum net firing rate decreased from 120.8 Ϯ 14.1 to 87.6 Ϯ 16.1 Hz ( p ϭ 0.033, n ϭ 6; Fig. 6E ).
Although we did not detect substantial levels of BK channels in the internodal region, it is possible that the effects of BK blockers result, at least in part, from blocking internodal BK channels expressed at levels sufficiently low to avoid detection in our immunolabeling experiments. To investigate this, we tested two predictions. First, the activation of internodal BK channels would cause shunting. Second, the activation of internodal BK channels would decrease the membrane resistance and the length constant. Therefore, inhibition of internodal BK channels would either decrease the failure rate of antidromic APs or increase the conduction velocity. Our results shown above demonstrated clearly that the former is not the case. We also did not observe any changes in the conduction velocity during axonal BK channel Figure 5 . Increased failure of antidromic APs by BK channel inhibition. A, Verification of the specificity of local drug application. TTX was applied focally to either the axon or the soma as indicated in the schematic diagram. Before TTX application, both somatic current injection and extracellular axonal stimulation evoked APs. After applying TTX at 0.5 M for 5 min to the axon, only the antidromic AP evoked by the axonal stimulation was attenuated, whereas the somatic application blocked both. Arrows show the timing of stimulation. B, Increased failure of antidromic APs by penitrem A at 100 Hz. The arrowheads indicate failures. Before the drug application, there were a few failures of antidromic APs observed at 100 Hz stimulation. Application of penitrem A at 10 M to the axon for 5 min substantially increased failures. This effect was reversed by a 10 min washout of the drug. C, Pooled data (n ϭ 4). *p ϭ 0.001 (at 100 Hz), 0.002 (at 200 Hz), and 0.008 (at 300 Hz), respectively, for Control versus Penitrem A, and p ϭ 0.015 (at 200 Hz) and 0.046 (at 300 Hz) for Washout versus Penitrem A. inhibition (100.0 Ϯ 9.8% in control vs 101.0 Ϯ 11.2% after paxilline treatment, n ϭ 6), indicating that the contribution of internodal BK channels is minuscule. Together, these results show that local (i.e., axonal) inhibition of BK channels reduces the fidelity of axonal AP conduction and suggest that paranodal BK channels support the high-frequency firing of Purkinje cell axons.
Potential involvement of voltage-gated Ca 2؉ channels in the nodal region
Because BK channels generally require an increase in [Ca 2ϩ ] i to be activated by depolarization within the physiological range of membrane potentials (Barrett et al., 1982) , they are often tightly coupled with voltage-gated Ca 2ϩ (Cav) channels (Grunnet and Kaufmann, 2004; Liu et al., 2004; Berkefeld et al., 2006) , which provide Ca 2ϩ for their activation. Ca 2ϩ transients in unmyelinated axons have been reported in several types of neurons (Lev-Ram and Ellisman, 1995; Tsantoulas et al., 2013; Sargoy et al., 2014) , including immature Purkinje cells (Callewaert et al., 1996) . Thus, Cav channels may be nearby in either the nodal or the paranodal membranes to participate in the activation of BK channels. To test this possibility, we first determined whether Ca 2ϩ influx is necessary for reliable high-frequency firing of an-tidromic APs. Recording was performed before and after applying ACSF without Ca 2ϩ for 5 min. Importantly, the failure rate of antidromic APs at 100 Hz increased significantly after the treatment (from 0.11 Ϯ 0.11 to 0.74 Ϯ 0.13, p ϭ 0.001 at 100 Hz, n ϭ 3; Fig. 7 A, B) . This effect was also reversible (Fig. 7A) . These results indicate that Ca 2ϩ influx influences AP firing in the axon. We next examined the effect of Ni 2ϩ , which is a relatively broad inhibitor of Cav channels (Tsien et al., 1988) . We chose Ni 2ϩ over other more specific Cav blockers because Ni 2ϩ -sensitive Cav channels have been reported in the axon of Purkinje cells (Bender and Trussell, 2009 ) and because Cav channels, like paranodal BK channels, might be covered by glial membranes and less accessible to those large organic inhibitors. Interestingly, Ni 2ϩ (100 M) showed an effect similar to paxilline and penitrem A and increased the failure of antidromic APs when applied locally to the axon from 0.51 Ϯ 0.03 to 0.67 Ϯ 0.07 at 200 Hz ( p ϭ 0.030, n ϭ 4; Fig. 7C-E ). This also resulted in a significant reduction in the maximum net firing rate of antidromic APs from 125.0 Ϯ 15.0 to 88.3 Ϯ 4.7 Hz ( p ϭ 0.041, n ϭ 4; Fig. 7F ). These results suggest that Ni 2ϩ -sensitive Cav channels support high-frequency firing of APs in the axon and may provide Ca 2ϩ for the activation for paranodal BK channels. 
Effect of the axonal BK channels on the output of the cerebellar cortex
We have shown so far that axonal BK channels localized to the paranodal region regulate axonal APs, evidenced by the effects of BK channel blockers on antidromic APs. Purkinje cell axons diverge extensively in the white matter and form multiple synapses on neurons in the DCNs. This extensive branching is thought to make axonal APs intrinsically prone to failures (Bucher and Goaillard, 2011; Debanne et al., 2011) . Therefore, the regulation of axonal APs by paranodal BK channels would affect the final synaptic output of Purkinje cells to DCNs. To test this, we also examined the effect of BK channel blockers on IPSCs in DCN neurons evoked by stimulating Purkinje cell axons in the white matter (Fig. 8A) . The pipette solution contained cesium instead of potassium to block K ϩ channels in the postsynaptic DCN neurons. Penitrem A was then applied locally to the cerebellar white matter away from the DCNs. We predicted that increased failures of APs in the axons by penitrem A would result in the overall reduction of IPSCs rather than occasional failures of IPSCs because these postsynaptic neurons receive inputs from multiple Purkinje cell axons (Fig. 8B) . Based on the results from antidromic AP recordings, we chose to stimulate the axons at 100 Hz, at which frequency we observed a significant and consistent increase of failures of antidromic APs by penitrem A (Fig. 5 B, C) and can reliably measure phasic IPSCs (Telgkamp et al., 2004) . In fact, we found that the local puff application of penitrem A to the axon significantly ( p ϭ 0.045, two-way ANOVA, n ϭ 10) decreased the amplitude of phasic IPSCs (Fig. 8C) . Similar to the effect on antidromic APs, this decrease was reversed after 15 min washout of the drug (Fig. 8C) . The effect of axonal BK channel inhibition was the opposite of what was expected from the inhibition of presynaptic BK channels, which would increase the IPSC amplitude by extending Ca 2ϩ influx. In contrast, the effect was somewhat similar to that of reducing presynaptic Ca 2ϩ entry by baclofen (Telgkamp et al., 2004) , indicating that the increased AP failures in multiple axons by BK channel inhibition resulted in the reduction of presynaptic Ca 2ϩ influx in some presynaptic boutons. These results suggest that BK channels specifically localized to paranodes of Purkinje cell axons regulate axonal APs and the final output of the cerebellar cortex to the cerebellar nuclei.
Discussion
Purkinje cells are the sole output of the cerebellar cortex. To understand information processing in the cerebellar circuit, it is important to understand the mechanisms regulating APs in their myelinated axons. Here, we described a new regulatory mechanism by paranodal BK channels for high-frequency and highfidelity axonal AP propagation. This novel paranodal localization of BK channels was confirmed by two distinct mouse mAbs, indicating that the labeling is genuine and that the specific localization at Purkinje cell paranodes is not attributable to epitope masking preventing labeling of BK channels at other sites. Because the effect of BK channel blockers was observed on axonal APs in virtually all Purkinje cells analyzed (for an example, see Fig. 6D ) and on the integrated synaptic output (Fig. 8) , the majority of Purkinje cell axons are likely to express BK channels. Although several different K ϩ channels have been found at the node of Ranvier and in the juxtaparanodal region (Rasband and Shrager, 2000; Devaux et al., 2003; Pan et al., 2006 ; Trimmer, 
2015)
, this is the first example of a K ϩ channel in the paranode. Paranodal BK channels may have been overlooked because they appear to be present only in Purkinje cell axons.
Paranodes are organized by cell-adhesion molecules at the axon-glia junction, which functions not only to electrically isolate internodal membranes from nodal membranes but also to limit the lateral diffusion of ion channels in the axonal membrane (Chang and Rasband, 2013) . Among the cell-adhesion molecules, Caspr is critical in forming these paranodal structures (Gollan et al., 2003) , and loss of Caspr results in mislocalization of juxtaparanodal Kv1 channels (Bhat et al., 2001) . In this study, we found that the paranodal localization of BK channels was disrupted in Caspr-deficient mice. Therefore, the paranodal localization of BK channels in Purkinje cell axons depends on a paranodal junction-dependent mechanism, although the precise molecular mechanism that clusters paranodal BK channels specifically in Purkinje cells remains to be elucidated. Interestingly, mice with disrupted paranodal junctions have preferential degeneration of Purkinje cell axons . Loss of paranodal BK channels may contribute to this Purkinje cell-specific axon degeneration through excitoxic mechanisms.
Using specific BK channel blockers, we also provide evidence that paranodal BK channels support high-frequency axonal AP firing. To investigate the role of paranodal BK channels, we recorded antidromic APs evoked in the axon. These antidromic APs exhibited substantial failures above a 100 Hz firing rate. The fidelity of antidromic APs in our experiments is low compared with those reported in previous studies using mouse cerebellar slices, in which virtually no axonal AP failures were observed at firing rates up to 200 Hz (Khaliq and Raman, 2005, 2006; Monsivais et al., 2005) . This may reflect differences in the age of animals used (juvenile in previous studies vs young adults in this study) and/or the recording temperature. Alternatively, the extracellular stimulation of the myelinated axons in our experiments might have occasionally failed to evoke APs. Nevertheless, the significant increase in the failure rate of antidromic APs observed after treatment with the BK channel blockers strongly suggests that paranodal BK channels play pivotal roles in regulating axonal APs in Purkinje cells.
We observed increased AP failures with two membranepermeable BK channel blockers, paxilline and penitrem A, but not with membrane-impermeable iberiotoxin. Although we attribute the lack of effect of iberiotoxin to its limited accessibility to paranodal BK channels, it is also possible that iberiotoxininsensitive BK channels dominate the paranodal region, as is the case with BK channels in the Purkinje cell somata (Benton et al., 2013) . It was also necessary to use the membrane-permeable BK channel blockers at relatively high concentrations to observe changes in the antidromic APs within several minutes. We speculate that this reflects the fact that the BK channels at paranodes are covered with glial membranes and that these lipophilic blockers may be absorbed by these membranes and restricted from effectively reaching the BK channels. The result that two different and structurally dissimilar BK channel blockers, paxilline and penitrem A, both elicited a similar increase in the failure rate suggests that the effect results from specific inhibition of axonal BK channels.
To further generalize our findings to orthodromic APs, we also investigated the effects of BK channel blockers, as applied locally to Purkinje cell axons, on the inhibitory synaptic transmission between Purkinje cells and DCN neurons. We predicted that, as BK channel blockers increase the failure of orthodromic APs, synaptic transmission would be suppressed. In fact, we observed a significant reduction of IPSC amplitude after focally blocking axonal BK channels. Together, our results suggest that axonal BK channels support high-frequency and high-fidelity firing of APs and their conduction in the myelinated axon of Purkinje cells, thereby ensuring the output of the cerebellar cortex.
How does the BK channel support high-fidelity firing in the axon? BK channels have rapid activation and deactivation kinetics (Cui et al., 1997) , which allow them to contribute to AHPs in Purkinje cell somata (Womack and Khodakhah, 2002; Edgerton and Reinhart, 2003; Swensen and Bean, 2003) , in which an increase of [Ca 2ϩ ] i in response to a single AP is sufficient to activate somatic BK channels. Inhibition of somatic BK channels in Purkinje cells reduces AHPs and yields increased AP firing (Edgerton and Reinhart, 2003; Swensen and Bean, 2003; Womack et al., 2009 ), presumably because of increased membrane depolarization after each AP. Therefore, if paranodal BK channels serve a similar role in the axon, BK channel inhibition would cause increased axonal AP firing. However, the inhibition of axonal BK channels decreased the firing of antidromic APs by increasing the failure rate. In addition to nodal K ϩ channels (Devaux et al., 2003; Pan et al., 2006) , large-conductance paranodal BK channels might be critical to repolarize the nodal membrane to recover Nav channels during high-frequency firing. In this scenario, inhibition of axonal BK channels would cause a slightly more depolarized nodal membrane potentials after each AP, thereby slowing the recovery of Nav channels from inactivation and thus reducing the availability of nodal Nav channels, resulting in an increased failure rate (Yang and Wang, 2013) . This is generally consistent with the higher firing rates seen in dentate granule cells in response to the gain of function for BK channels obtained in the BK-␤4 subunit knock-out mouse (Brenner et al., 2005) . Moreover, that BK channels located at different sites in the same neuron can generate bidirectional effects on neuronal firing under distinct conditions is consistent with complex roles for BK channels in regulating excitability (Montgomery and Meredith, 2012) . Future modeling studies may help clarify the ionic mechanism whereby paranodal BK channels support axonal APs in Purkinje cells.
BK channels generally require Ca 2ϩ for their activation by physiological membrane potentials (Barrett et al., 1982) , and a recent report argues that Ca 2ϩ is the primary determinant of BK channel activation (Berkefeld and Fakler, 2013) . However, there exist distinct BK channel splicing isoforms, auxiliary subunits, and interacting proteins that yield BK channels activated solely by physiological membrane depolarization Yan and Aldrich, 2010) . Therefore, it is possible that paranodal BK channels do not require Ca 2ϩ . Although highly localized increases in Ca 2ϩ have been observed at nodes of Ranvier of certain axons (Zhang et al., 2010) , more uniform Ca 2ϩ transients are seen in others (Zhang et al., 2006) . We found that the broadspectrum Cav channel blocker Ni 2ϩ showed an effect similar to BK channel blockers in increasing the failure of antidromic APs. These results suggest that R-and T-type Ni 2ϩ -sensitive Cav channels contribute to the regulation of axonal APs. This may be consistent with the finding that Ni 2ϩ -sensitive Cav channels are expressed in the axon initial segment of Purkinje cells (Bender and Trussell, 2009 ), because the nodal region often expresses a similar repertoire of ion channels as found in the initial segment (Chang and Rasband, 2013) . Although the effects of Ni 2ϩ , as well as Ca 2ϩ -free ACSF, might be mediated by other Ca 2ϩ -sensitive K ϩ channels or Ca 2ϩ -dependent processes, given the similar effect to BK blockers, we speculate that Cav channels supply Ca 2ϩ to paranodal BK channels and thereby contribute to the repolarization of Purkinje cell axon nodal membranes.
In summary, the results described here demonstrate that paranodal BK channels regulate the function of Purkinje cell axons. The regulation of individual axons by paranodal BK channels also affects the synaptic transmission of Purkinje cells to DCNs, the final output of the cerebellar cortex. Because we did not find paranodal BK channels outside of the cerebellum, we speculate that these paranodal BK channels may be a molecular specialization unique to the Purkinje cell axon, which confers on them unique axonal physiology. Furthermore, the implication that Cav channels are involved in regulating axonal APs suggests that other Ca 2ϩ -dependent processes may operate in myelinated axons to influence plasticity of axonal AP conduction in Purkinje cells. The results presented here may contribute to a deeper understanding of the role of axonal Ca 2ϩ in information processing and cerebellar dysfunction.
